INTRODUCTION
============

Single-stranded binding proteins (SSBs) are essential to all organisms. Their primary function is to rapidly bind ssDNA to stabilize and protect it. Replication protein A (RPA) is the main eukaryotic SSB ([@B1],[@B2]). It is involved in a host of DNA-processing pathways of eukaryotic cellular metabolism including replication, recombination and, most, if not all, DNA repair pathways ([@B3]). The principal role of RPA in these processes stems from its ssDNA-binding properties. However, the ability of RPA to directly interact with a variety of proteins is also of crucial importance ([@B4],[@B5]). Furthermore, RPA displays dsDNA binding and helix destabilizing activity. The affinity of RPA for double-stranded (ds) substrates increases when these substrates are damaged ([@B6],[@B7]). Lao *et al.* ([@B8]) suggested that the dsDNA binding and helix destabilizing activities of RPA are in fact interrelated and that they can be explained by RPA binding to bubbles of ssDNA that are transiently formed in the dsDNA upon helix breathing ([@B9]). Once bound, RPA stabilizes these ssDNA bubbles and newly incoming RPA molecules can then further wedge into and progressively unwind the dsDNA. In contrast to the unwinding activity of helicases, the unwinding activity of RPA does not require ATP hydrolysis ([@B10]) and is likely dependent on mechanical energy stored in the DNA. Direct mechanistic insight, however, is lacking. In addition, it remains unclear how the reverse, rewinding reaction takes place. Acquiring these insights is crucial given the potential role of the RPA-unwinding activity in replication and DNA repair pathways. This paper reveals the kinetics and mechanism of the unwinding and rewinding reaction through single-molecule experiments.

Human RPA (hRPA) is a highly flexible protein complex composed of three tightly associated subunits with molecular weights of ∼70, 32 and 14 kDa (accordingly referred to as RPA70, RPA32 and RPA14). hRPA binds ssDNA with high affinity, low sequence specificity, and low cooperativity (cooperativity factor, *ω =*10) ([@B11],[@B12]). RPA contains four ssDNA-binding domains that bind DNA with decreasing affinities A--D. Binding of RPA to ssDNA proceeds in a multi-step process starting with an 8--10-nt binding mode (binding domains A--B) and culminating in a final 30-nt binding mode. This process of multi-step binding to ssDNA is accompanied by a profound conformational change from a globular to an extended conformation of the protein ([@B4],[@B13; @B14; @B15]).

Using single-molecule magnetic tweezers (MTs), we studied the dsDNA-unwinding activity of hRPA. We find that the helix-unwinding activity of hRPA is very sensitive to and driven by torsional stress present in the DNA substrate. Previously it was suggested that the reaction only occurs at low salt concentrations ([@B8],[@B16],[@B17]). However, we find that hRPA-induced helix unwinding also occurs at relatively high, physiologically relevant salt concentrations (\>100 mM NaCl) when a modest stretching force (∼0.6 pN) is applied, which generates an unwinding torque in a negatively supercoiled molecule. Dissociation of hRPA and the resulting rewinding of the duplex occur upon release of the unwinding torsional stress or upon application of rewinding torque. The strong torque sensitivity of the helix-unwinding reaction provides a means for tight mechanical regulation.

Many cellular processes have been described to generate torsional stress ([@B18]). Here, we argue that the helix unwinding activity of hRPA is important for protecting and stabilizing dsDNA that undergoes stress-induced structural transitions. We furthermore discuss the importance of hRPA-stimulated helix unwinding in DNA replication, recombination and repair.

MATERIALS AND METHODS
=====================

Expression and purification of human RPA
----------------------------------------

hRPA was expressed in *Escherichia coli* BL21(DE3)pLysS using the expression vector pET11d-hRPA and purified through Affigel-Blue (Biorad) and MonoQ anion-exchange chromatography (GE Healthcare) as described ([@B19]). This was followed by size-exclusion chromatography (Superdex 200, GE Healthcare) and fractions containing pure hRPA were concentrated using anion exchange chromatography. Aliquots containing 10% glycerol were frozen in liquid nitrogen and stored at −80°C until use.

DNA constructs
--------------

The ss- and dsDNA constructs were prepared as described previously([@B20]).

MTs assay
---------

A MTs setup was used in these experiments as described ([@B21]). Employing image processing, positional tracking of the bead with 5-nm position accuracy in all three dimensions (3D) was achieved ([@B22]). To exclude the effect of thermal drift, all positions were measured relative to a 3.2-μm polystyrene bead (Bang Laboratories, Carmel, IN, USA) that is fixed to the bottom of the flow cell. DNA constructs carrying a magnetic bead at one end were anchored to the bottom of a flow cell as described elsewhere ([@B22]). The size of the magnetic beads was chosen based upon the requirements to apply high forces in the experiments with ssDNA (bead size 2.8 μm) and to maximize the experimental resolution in the case of dsDNA (bead size 1.0 μm). Prior to protein experiments, the force-extension curve of single DNA molecules was measured and correct contour and persistence lengths were confirmed. In case of dsDNA, rotation curves at different forces were recorded additionally. In plots showing bead height, the red traces presented are the raw data acquired at 60 Hz. When shown, yellow lines correspond to data filtered at 0.5 Hz. All measurements were carried out at 22°C.

RPA/DNA reactions
-----------------

The flow-cell final volume was ∼100 μl. All reactions were performed in Tris--HCl 30 mM (pH 7.5). Salt concentrations and hRPA concentrations were as described in the text. Interactions of hRPA with ssDNA and dsDNA molecules were monitored through measurement of the height of the bead.

Fitting procedures
------------------

On dsDNA, association and dissociation rates were extracted on the basis of fits of the linear portion of the extension traces. Occluded binding size was assumed to be 30 nt leading to the removal of three supercoils. Size of the supercoils for a given reaction were determined by fitting the slope of rotation curves acquired on bare DNA at the same force and \[NaCl\]. The step trace in [Figure 2](#F2){ref-type="fig"}b was acquired by applying a step-fitting algorithm ([@B23]).

RESULTS
=======

Dynamics of hRPA association on ssDNA
-------------------------------------

MT-based assays ([@B24]) enable studying the association and dissociation of hRPA on ssDNA and dsDNA. In a MT assay, an ssDNA or dsDNA molecule is at one end attached to the bottom glass slide of a flow cell and on the other end to a superparamagnetic bead. Positioning of external magnets allows the application of tunable stretching forces (0--60 pN). Video microscopy is used to accurately track bead positions in 3D, and thus to measure the end-to-end distance of the molecule ([Figure 1](#F1){ref-type="fig"}a and 'Materials and Methods' section). Figure 1.hRPA binding to ssDNA. (**a**) In a magnetic tweezer setup, an ssDNA molecule is tethered in between a glass slide and a paramagnetic bead. (**b**) hRPA binding curve taken at a stretching force of 3 pN. The reaction is initiated upon introduction of hRPA in the flow cell. A fast increase in the end-to-end distance is measured. The exponential shape of the binding curve indicates a low binding cooperativity (*ω* = 10--30). (**c**) Force-extension curves for bare ssDNA (green) and an ssDNA--hRPA complex (red) reveal an increase in hRPA-induced flexural rigidity and the prevention of hairpin formation. \[NaCl\]=30 mM. \[hRPA\]=3 nM.

First, we examined hRPA-binding to a ssDNA molecule (7.3 kb). hRPA-binding reactions are initiated upon introduction of a buffer containing hRPA into the flow cell (\[hRPA\] = 3 nM, \[NaCl\] = 30 mM). [Figure 1](#F1){ref-type="fig"}b displays an example of a time trace recorded at a stretching force of 3 pN. The end-to-end distance of the molecule quickly increases as hRPA protein binds to the ssDNA substrate, resulting in a stiffening of the molecule and an increase of its end-to-end distance. Fifty seconds after the initiation of the reaction, the ssDNA end-to-end distance reaches a plateau indicating termination of the reaction. The shape of the association curve allows extracting information on the cooperativity of the reaction (see ref. 25 and [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq067/DC1) section for details on the fitting procedures). Such an analysis reveals that hRPA binds ssDNA with low cooperativity (*ω* \< 30), independent of \[NaCl\] in the range 30--600 mM, confirming earlier reports ([@B12]).

After completion of the reaction, force-extension curves were measured. The force-extension curve recorded for the ssDNA--hRPA complex is plotted in [Figure 1](#F1){ref-type="fig"}c alongside the force-extension curve recorded for the bare ssDNA substrate. We observe a pronounced increase in the extension at low forces for the hRPA--ssDNA complex. This can be explained by the suppression of hairpin formation in combination with an increase in bending rigidity. From the extension data at high force, it is apparent that the hRPA--ssDNA complex has a slightly shorter contour length than ssDNA (3%).

Experimental configuration for probing the unwinding reaction
-------------------------------------------------------------

Next, we probed the dsDNA-unwinding activity of hRPA. A dsDNA molecule (8.0 kb) was tethered in the flow cell and rotationally constrained at both attachment points. Negative supercoils were induced in the construct prior to the experiment by rotating the external magnets ([Figure 2](#F2){ref-type="fig"}a and 'Materials and Methods' section). Reactions were again initiated through the introduction of a hRPA-containing buffer. Figure 2.hRPA dsDNA binding and helix unwinding. (**a**) Schematic of the experimental scheme. hRPA binds to ssDNA that is transiently exposed upon helix breathing. Further protein binding unwinds the helix. Unwinding leads to removal of negative supercoils that were previously applied to the molecule (*n*=−40). (**b**) Height of the magnetic bead versus time after introduction of hRPA. The increasing height signals hRPA binding. The binding curve reveals a reaction that progresses linearly in time (yellow line, guide to the eye). Step-like behavior in the binding traces indicates single enzyme binding events (black line, fit based on step finding algorithm). The reaction saturates when the length of the molecule reaches the length of the non-supercoiled molecule. (**c**) After removal of the unbound hRPA, hRPA remains stably bound to the ssDNA-bubble (\[NaCl\]=30 mM). (**d**) Rotation curve of molecule taken prior to the reaction. The slope of the rotation curve at experimental reaction conditions \[NaCl\]=30 mM; *F*=0.55 pN equals 40 nm/turn. A singly bound RPA molecule is expected to unwind the helix by ∼3 turns, thus leading to a length increase of 120 nm.

As was described previously ([@B8],[@B9]), helix unwinding induced by hRPA occurs upon binding and stabilizing of the ssDNA bubble that is transiently formed upon helix breathing. The formation and growth of such a hRPA-stabilized DNA bubble leads to a local change in DNA length and thereby a means is provided to follow the reaction in real time in the MT assay. More significantly however, the local unwinding of the duplex induced by hRPA binding also changes the helical twist. This change in property can be measured more easily in our instrument: since the linking number is constant, changes in twist give rise to a change in the number of supercoils in the DNA and accordingly to a pronounced change in length (40-nm change in end-to-end distance per plectonemic supercoil at an applied force of *F*=0.55 pN, see the rotation curve plotted in [Figure 2](#F2){ref-type="fig"}d). Since hRPA has a 30 nt occluded binding size on ssDNA, binding to a ssDNA bubble in the duplex of the same size leads to unwinding of the helix by approximately three turns and consequently the removal of ∼3 supercoils, i.e. an increase in bead height of about 120 nm.

Progressive unwinding and reaction saturation
---------------------------------------------

An example binding trace is displayed in [Figure 2](#F2){ref-type="fig"}b (experimental conditions were 30 mM \[NaCl\], 25 nM \[hRPA\], 40 negative turns (*n* = --40), *F* = 0.55 pN). After nucleation of the binding reaction (after a lag time of about 5 s), the recorded bead height increased with a constant rate. This is a consequence of progressive duplex unwinding by hRPA proteins that bind and wedge the ssDNA bubble ([@B8],[@B9]). Note that individual binding steps can be discerned as discrete steps in the time trace (black line), which likely can be associated with single proteins that bind the ssDNA bubble. In independent experiments under conditions where association and dissociation occur with similar rates, we have measured the occluded binding size for hRPA at the first binding step to be 31±1 nt, see below.

Interestingly, the reaction halted abruptly when the end-to-end distance of the molecule reached a length corresponding to the top of the rotation curve ([Figure 2](#F2){ref-type="fig"}b), i.e. the length of the non-supercoiled molecule. As will be discussed in detail below, this is a consequence of the strong torque dependence of the reaction, being promoted by negative (unwinding) torque and suppressed by positive (rewinding) torque*.* Reactions performed on nicked dsDNA molecules did not yield any measurable change in length at the reaction conditions tested; \[hRPA\] ≤ 200 nM, \[NaCl\] ≥ 30 mM, force range 0.2--0.6 pN (data not shown) ([@B9]). This is a further indication that the reaction is sensitive to writhe and twist present in the molecule.

After completion of the reaction, we removed the unbound hRPA from the flow-cell in order to study the stability of the hRPA-stabilized dsDNA bubbles ([Figure 2](#F2){ref-type="fig"}c). Under conditions of low salt (\[NaCl\] \< 100 mM) and moderate applied force (*F* \> 0.5 pN), we found that hRPA bubbles are highly stable and essentially no dissociation is measured (see [Figure 2](#F2){ref-type="fig"}c, the measured end-to-end distance of the molecule does not change on a time scale of at least 10 min). At \[NaCl\] higher than 100 mM, dissociation does occur, in line with previous results ([@B16]), see also below.

Influence of salt on the kinetics of association
------------------------------------------------

Stretching forces and twist can induce structural transitions in DNA. Unwinding and stretching of DNA, for example, can lead to local denaturation of the duplex DNA ([@B26]). This well-described property occurs at modest stretching forces (≥0.3 pN) and manifests itself in MT experiments by a dissimilar response of the duplex to positive and negative coiling, in turn associated with an asymmetry of the rotation curves (for an example of such rotation curve, see [Figure 2](#F2){ref-type="fig"}d). The denaturated-DNA and B-DNA phases coexist, with the extent of denaturation being dependent on factors that influence helix stability. We investigated the effects of two such factors, the stretching force and the concentration of monovalent salt, to obtain more insight in the nature of the hRPA-unwinding reaction.

[Figure 3](#F3){ref-type="fig"}a shows binding curves obtained at \[hRPA\]=40 nM and \[NaCl\]=30, 60, 90 mM and 120 mM, *n*=--40, *F*=0.5 pN. Increasing the salt concentration markedly alters the reaction kinetics. At high salt, the binding curves are characterized by a salt-dependent lag time, followed by a nucleation event that initializes the reaction. The slower nucleation of the reaction can be expected since higher \[NaCl\] leads to increased charge screening and thereby to enhanced helix stability and hence lower levels of DNA denaturation. After nucleation, the reaction progressed with a constant, salt-dependent reaction speed. At \[NaCl\]=120 mM, no reaction was observed. [Figure 3](#F3){ref-type="fig"}b summarizes the hRPA binding rates obtained from experiments at various \[hRPA\] and \[NaCl\]. We confirmed that association is much faster than dissociation for the conditions used in these experiments (*k*~off~ \< 10^--3^ s^--1^, see dissociation data below) and the reactions can thus be regarded to be in the limit of strong, irreversible binding. The binding rates plotted in [Figure 3](#F3){ref-type="fig"}b follow a clear linear trend as a function of \[hRPA\] with the intercepts of the linear fits crossing the *x*-axis close to zero, a further indication that dissociation is slow ([@B27],[@B28]). From the slopes of the linear fits, we extracted the on-rates, *k*~on~. The values extracted for *k*~on~ as a function of \[NaCl\] follow a linear trend on a log--log scale with = --1.2 ([Figure 3](#F3){ref-type="fig"}d). At low salt (\[NaCl\] \< 0.1 M), the kinetics of hRPA binding to the transiently forming ssDNA bubble is diffusion limited. In a diffusion-limited reaction, an increased salt concentration affects the kinetics through a more efficient charge screening which facilitates the mutual approach of the overall negatively charged hRPA and ssDNA and thus leads to faster association ([@B27],[@B28]). The effect of salt on the stability of the helix has the opposite effect, with *k*~on~ decreasing with \[NaCl\] ([@B29]). The combination of these two effects leads to the weakly negative dependence of log(*k*~on~) on log(\[NaCl\]) measured for the unwinding reaction. Figure 3.Influence of helix (de-)stabilizing effects: salt and force. (**a**) Binding curves recorded at 0.5 pN and \[RPA\]=40 nM for \[NaCl\]=30, 60, 90 and 120 mM. The salt concentration has a marked effect on the binding kinetics. High-salt traces are characterized by a salt-dependent lag time and slower extension rates. (**b**) Extension rates at varying \[hRPA\] concentrations. The reaction rates are linearly dependent on \[hRPA\]. (**c**) Binding curve at low salt (\[NaCl\]=30 mM) followed by dissociation at high salt (\[NaCl\]=120 mM) after removal of hRPA. (**d**) Association and dissociation rates on a log--log scale. (**e**) Dissociation curves measured at varying stretching force. (**f**) Association and dissociation rates as function of force reveal a strong force dependence of the reaction kinetics.

Influence of salt on the kinetics of dissociation
-------------------------------------------------

We furthermore studied the salt dependence of protein dissociation from the ssDNA bubbles in dsDNA. To this end, after completion of the binding reaction at low salt and moderate applied force (0.4 pN), the unbound hRPA was removed from the flow cell and dissociation curves were recorded, see [Figure 3](#F3){ref-type="fig"}c for an example trace. Dissociation rates are plotted versus \[NaCl\] on a log--log scale in [Figure 3](#F3){ref-type="fig"}d. The value for the slope extracted for the dissociation rates amounts to =7.0, much higher than the value found for the association rates. The dissociation rates measured for reactions on dsDNA can be compared with rates obtained for ssDNA-dissociation reactions with a surface plasmon resonance technique ([@B30]) (see [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq067/DC1)). Dissociation of hRPA from ssDNA is much slower than dissociation from dsDNA (*k*~off,ssDNA~=2.2 10^--5^ s^--1^ versus *k*~off,dsDNA~=2 10^--3^ s^--1^ at \[NaCl\]=120 mM, *F*=0.5 pN). Furthermore, the kinetics of dissociation from ssDNA substrates display a weaker dependence on \[NaCl\] in comparison to dissociation from dsDNA: log\[NaCl\]=4.6 (see [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq067/DC1)). These findings indicate that the dynamics of helix breathing contribute to the dissociation kinetics. Such behavior is indeed expected in case dissociation occurs as a multi-step process. In such a multi-step process, a partially bound protein remains after release of one or more binding domains. For partially dissociated hRPA proteins adjacent the dsDNA junction, helix breathing and re-association compete with completion of dissociation. Reaction conditions that lead to more frequent helix breathing are therefore expected to give rise to slower overall dissociation. A multi-step dissociation mechanism also explains the constant rate of dissociation observed in experiments (see [Figure 3](#F3){ref-type="fig"}c), which indicates that dissociation predominantly occurs at the ends of the protein cluster. The experiments on the force dependence of the kinetics of dissociation that will be discussed in the next section also point at a multi-step dissociation process.

Strong force dependence of association and dissociation
-------------------------------------------------------

We subsequently investigated the force dependence of the association and dissociation rates. Association data were taken at low salt (\[NaCl\]=30 mM), a condition for which dissociation can be disregarded. Dissociation curves were taken at various stretching forces and at \[NaCl\]=120 mM, after association at *F*=0.4 pN and \[NaCl\]=30 mM ([Figure 3](#F3){ref-type="fig"}c). [Figure 3](#F3){ref-type="fig"}e shows a collection of dissociation curves illustrating a strong dependence of the rate on force. In [Figure 3](#F3){ref-type="fig"}f, rates of association and dissociation are plotted versus the applied force. The data reveal a strong force dependence of the kinetics of both association and dissociation. Fast association occurs at high force, whereas at lower forces dissociation is favored. The data was fit on the basis of the torque-based model that is discussed below.

Torsional regulation of the reaction kinetics
---------------------------------------------

We examined whether reactions can be reinitiated after saturation by means of a mechanical application of unwinding turns. [Figure 4](#F4){ref-type="fig"}a shows association curves obtained after application of an increasing number of unwinding turns (*n*=−40, −70 and −100). After each addition of new negative supercoils, a renewed association was observed confirming the possibility of reaction reinitiation. Figure 4.Mechanochemical regulation of the reaction kinetics. (**a**) Binding curves obtained after application of an increasing number of unwinding turns (*n*=--40, −70 and −100). Reactions are reinitiated and binding of hRPA to an extended stretch of DNA occurs after each increase in the number of negative turns. (**b**) Dissociation induced by application of positive (rewinding) coiling (from *n*=−100 to *n*=+30). The length of the molecule is recorded in five turn intervals. The resulting rotation curve is displayed in [Figure 4](#F4){ref-type="fig"}b (green). The long plateau indicates that protein dissociation is induced by positive coiling. The rotation curve taken after dissociation (brown) closely matches the rotation curve measured for the bare DNA molecule prior to the experiment (red) (*F*=0.55 pN, \[NaCl\]=30 mM). (**c**) Shift of reaction equilibrium by a modest change in force. At *F*=0.6 pN, hRPA association is observed (\[hRPA\]=100 nM). At 0.3 pN, rapid dissociation occurs for the exact same buffer condition (\[NaCl\]=120 mM). (**d**) hRPA-induced dsDNA unwinding under conditions where *k*~on~ ≈ *k*~off~, \[NaCl\]=150 mM, *F*=0.8 pN, \[hRPA\]=120 nM, *n*=−30. The end-to-end-distance of the molecule fluctuates between two stable levels indicative of an individual molecule hopping on and off the dsDNA substrate. Change in length, Δ*L*=120 nm (see histogram of filtered extension data in inset), corresponds to the removal of 3.1±0.1 supercoils during the binding event, indicative of an hRPA occluded binding size of 31±1 nt.

The high sensitivity of the dissociation kinetics to writhe and twist furthermore raises the question whether hRPA can be dislodged from the DNA by mechanical rewinding of the helix. To investigate this possibility, we first induced extended binding of hRPA (up to *n* = --100 as above). Next, we flushed the unbound hRPA out of the flow cell and turned the magnet in the opposite direction from *n*=−100 to *n*=+30, thereby applying a rewinding twist. We recorded the end-to-end distance of the molecule with five turn intervals. The resulting rotation curve is displayed in [Figure 4](#F4){ref-type="fig"}b (green symbols). A long plateau is measured, indicating that mechanical rewinding does not lead to positive supercoiling since supercoiling would result in a reduction of the measured end-to-end distance. Apparently, hRPA molecules are instead dislodged from the helix and the DNA molecule is rewound. Indeed, the rotation curve that was measured subsequently (brown) closely matches the rotation curve that was recorded before the start of the experiment (red), confirming that the bound hRPA proteins were all removed from the helix, leaving the DNA molecule in its initial bare state. Control over the superhelical density of the molecule therefore provides a direct handle for shifting the reaction equilibrium back and forth from a state where association is favored to a state where dissociation is invoked.

The data obtained on the force dependence of the reaction rates predict that a drastic shift in the reaction equilibrium can also be induced through a simple change in the magnitude of applied force. On the basis of the data in [Figure 3](#F3){ref-type="fig"}f, it is expected that a decrease in applied force from 0.6 to 0.3 pN increases the equilibrium constant, *k*~off~/*k*~on~, of the reaction by a factor of 400. We experimentally assessed this notion (see [Figure 4](#F4){ref-type="fig"}c): at the physiological \[NaCl\] of 120 mM, hRPA association and dsDNA unwinding were induced at an applied force of 0.6 pN. Subsequently, the force was lowered to 0.3 pN without changing the reaction buffer. A fast dissociation of the protein--DNA complex is observed in accordance with a drastic shift of the reaction equilibrium.

On the basis of the \[NaCl\] and force dependencies of the dissociation and association rates, it is possible to tune the reaction toward a regime where *k*~off~ ≈ *k*~on~. [Figure 4](#F4){ref-type="fig"}d shows an MT trace recorded under such conditions, \[NaCl\]=150 mM, *F*=0.8 pN, \[hRPA\]=120 nM, *n*=−30. The recorded end-to-end distance fluctuates between two stable levels, indicative of individual hRPA proteins hopping on and off the dsDNA substrate. A histogram of the extension data (inset of [Figure 4](#F4){ref-type="fig"}d) allows extracting the change in dsDNA length, Δ*L*, associated with binding of a single hRPA molecule. Δ*L*=120 nm, corresponding to the removal of 3.1±0.1 supercoils under the reaction conditions used, and hence indicative of an occluded binding size of 31±1 nt, in line with the reported size of the largest binding mode for hRPA (30 nt).

DISCUSSION
==========

Mechanistic model for helix unwinding by hRPA
---------------------------------------------

The above observations are captured in a model for the helix unwinding reaction presented in [Figure 5](#F5){ref-type="fig"}a. hRPA is represented with its four DNA-binding domains labeled A--D. Binding is assumed to occur in a multi-step pathway starting with binding of DNA-binding domains A--B and proceeding with a 5′-to-3′ polarity ([@B31]). In line with previous studies ([@B9]), the model assumes that reaction nucleation and subsequent hRPA-binding occur upon local helix breathing, which transiently exposes a ssDNA substrate to which hRPA can bind. The linear kinetics of subsequent unwinding measured in the experiments indicates that further denaturation and protein binding occur primarily at the junction between the dsDNA and hRPA-stabilized bubbles, where a DNA-fork structure is formed and where the helix stability is reduced. This gives rise to contiguous binding of newly incoming proteins, consistent with the cooperative nature of the reaction observed in our experiments. Figure 5.Proposed model for hRPA-driven helix unwinding. (**a**) hRPA binds to ssDNA that is exposed upon helix breathing. Helix breathing is strongly promoted by unwinding torque. Much like association, dissociation (right panel) utilizes a multi-step pathway. After partial dissociation, helix breathing and subsequent re-association competes with complete dissociation. (**b**) Relation between torque and force in a supercoiled molecule. Torque reaches maximum and constant value (with *τ*~c~ approximately proportional to ) for \|*n*\| \> *n*~c~, with *n*~c~ the critical coiling number required for supercoil generation ([@B27]). (**c**) Reaction rates from [Figure 3](#F3){ref-type="fig"}f replotted as a function of torque. Linear dependencies on this log-linear plot indicate an exponential dependence of the rates on torque.

For the reaction conditions used in the association experiments, *k*~off~ \<\< *k*~on~, and the association reaction can be represented as where *k*~a~ is the intrinsic protein binding on-rate and *k*~o~ and *k*~c~ represent the rates of opening and closing of the helix over a minimally required number of basepairs. The minimal distance of helix breathing required for protein binding likely corresponds to the footprint required for the first binding step in the multi-step binding pathway (see below). The apparent association rate, *k*~on~, for the above reaction can be expressed as

Herein, *α* = *k*~o~/(*k*~o~ + *k*~c~) can be interpreted as the net fraction of time over which a ssDNA-binding template for hRPA is available.

The stability of the dsDNA directly adjacent to the fork structures is expected to be highly sensitive to torsional stress present in the molecule. Our model therefore assumes that the applied force primarily acts by modulating the torsional stress. A number of models have been proposed to describe the torque, *τ*, that is generated by stretching force applied to coiled DNA ([@B26],[@B32]). A few features are general to these models: at low supercoiling density, *σ*, *τ* is approximately independent of force and linearly dependent on *σ*. The formation of plectonemes requires the torque to exceed a force-dependent critical value, *τ*~c~. In the postbuckling regime, where supercoiled and extended DNA domains coexist, *τ* is independent of *σ*, i.e. *τ*=*τ*~c~. The dependence of torque on the number of turns and force is visualized in [Figure 5](#F5){ref-type="fig"}b.

For a torque-driven reaction, *α* and consequently the apparent on-rate, are expected to depend on *τ* according to ([@B33]) where *δθ* is the rotational angle, the relevant reaction coordinate in our model. The constant reaction rate observed in the association traces indicates that the rate of extension is independent of writhe, i.e. of the number of supercoils. This finding can now be understood from the fact that the torque is independent of writhe (*τ* = *τ*~c~). The saturation of the reaction is furthermore explained by the reduction of the driving torque once all supercoils have been consumed.

The strong dependence of the dissociation rates on force indicates that the dynamics of helix breathing also contribute to the kinetics of dissociation. An involvement of helix breathing in the dissociation kinetics can be understood when dissociation occurs as a multi-step process. In such process, after release of one or several binding domains, a partially bound protein remains. At the junction with the dsDNA, completion of dissociation competes with helix breathing and rebinding of the released units (see [Figure 5](#F5){ref-type="fig"}a). Note that the study of the salt dependence of dissociation kinetics indeed also suggests a step-by-step dissociation process. If the multi-step dissociation model holds, the off-rate, *k*~off~ is expected to follow a dependence on torque similar to the association rate (with unwinding torque leading to faster breathing and faster rebinding of dissociated subunits and thus slower overall dissociation):

In order to validate the proposed model, the data of [Figure 3](#F3){ref-type="fig"}e on the force dependence of association and dissociation rates were plotted as a function of torque in [Figure 5](#F5){ref-type="fig"}c. Here, the torque exerted on the supercoiled DNA molecule was calculated on the basis of the model by Marko ([@B32]): where, *L*~p~ is the persistence length of dsDNA (*L*~p~=50 nm) and *C*~s~ and *P* are the twist stiffnesses of the molecule in the extended and plectonemic state respectively, *P*=24 nm, *C*=95 nm ([@B32]). Recent direct measurements of the torque generated in a supercoiled molecule have validated this model ([@B34]). Linear trends are evident from the plot in [Figure 5](#F5){ref-type="fig"}c, demonstrating that the data are consistent with a torque-based model. Fitting of the linear slopes in [Figure 5](#F5){ref-type="fig"}c results in *δθ*=0.65±0.1 turns for association and *δθ*=0.72±0.05 turns for dissociation. Considering the helical repeat of a relaxed DNA molecule (10.5 bp/turn) these values correspond to breathing lengths of ∼7.0±1 bp and 7.5±0.5 bp, respectively. For the association reaction, this value is physically very plausible, i.e. in accordance with the size of the smallest binding mode reported for hRPA (8 bp).

Biological function of torsional regulation of the unwinding reaction
---------------------------------------------------------------------

The high binding affinity of RPA for ssDNA substrates and the abundance of RPA in the nucleus (1 × 10^4^--2 × 10^5^ copies per cell) ([@B35]) imply that any ssDNA that is formed in the cell is quickly bound and protected by RPA. ssDNA and substrates with single-stranded character, such as damaged or denatured dsDNA, are frequent intermediates of cellular metabolism, hence the critical involvement of RPA in a great variety of DNA-processing pathways.

Here, we studied the dsDNA binding and helix-unwinding activity of hRPA. This activity is a manifestation of its high-affinity ssDNA binding capability: hRPA is able to rapidly bind and stabilize bubbles of ssDNA in the dsDNA that are transiently exposed upon helix breathing. We conclude that the helix unwinding activity is torsionally regulated, with unwinding torque promoting the reaction and rewinding torque suppressing the reaction. As previously described, the reaction kinetics are strongly dependent on salt, with conditions of higher salt inhibiting the reaction. However, we find that these inhibitory effects can easily be overcome by the generation of unwinding torque, with reactions readily taking place at \[NaCl\] \> 100 mM under application of modest stretching forces (*F* ∼ 0.6 pN). The unwinding activity is self-limiting as helix unwinding goes hand in hand with removal of supercoils, ultimately removing the driving torsional stress. The reaction can easily be reverted: release of tension or the application of a rewinding torsional stress leads to protein dissociation and helix rewinding. Our data on the kinetics of dissociation from dsDNA indicate that dissociation utilizes a multi-step pathway, much like the association process.

A plausible cellular function of the hRPA-induced helix unwinding activity is akin to its main role on ssDNA: the stabilization and protection of torsionally destabilized dsDNA. Many cellular processes can generate sufficient torsional stress to destabilize the helix and invoke helix--coil transitions ([@B18]). The process of transcription, for example, is known to generate torsional stress, leading to supercoiled DNA in topological domains. Transcribing RNA polymerases are even able to generate sufficient torsion to transiently perturb DNA structure even on DNA templates that are rotationally unconstrained ([@B36],[@B37]). Another example is found in ATP-dependent chromatin remodelers that generate negative superhelical torsion and can give rise to structural transitions in DNA ([@B38]).

Our findings have implications for many of the DNA-processing pathways in which RPA-induced helix unwinding was previously implicated to be important: replication-origin firing, damage recognition and incision in excision repair ([@B10],[@B39]), and finally, promotion of joint molecule formation in homologous recombination (HR). Our study calls for a careful consideration of the role of torsional regulation in these processes. Interestingly, for example, the human Rad54 translocase protein was previously proposed to stimulate joint molecule formation in HR by supercoiling DNA domains ([@B40]).

The torsional regulation of the reverse, rewinding reaction is equally important. Annealing of RPA-bound ssDNA is required in the second-end capture step in HR ([@B41]). Also in HR, the re-annealing of homologous strands after strand invasion needs to be prevented, a function to which the post-strand invasion activity of RPA has been attributed ([@B42]). Finally, the exertion of torsional stress may constitute a possible mechanism for the dissociation of RPA-stabilized ssDNA bubbles by annealing helicases ([@B43]).
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